Abstract Some studies have shown that extracellular pH in tumors, which results in tumor progression, is less than that in normal tissues. The aim of this study was to investigate the effects of extracellular acidic pH on proliferation, invasion, and drug-induced apoptosis in acute lymphoblastic cells. The cells were cultured in different pH (pH 6.6 and pH 7.4) for 12 days. Cell proliferation was assessed by MTT assay and cell invasion was assayed by invasion assay and gene expression analysis of MMP-9. Drug-induced apoptosis was evaluated after exposure to doxorubicin for 24 hours by annexin V/PI staining and gene expression analysis of BAX pro-apoptotic protein.
Introduction
Tumor progression can mean a reversal of normal cell development that involves a complex interaction of genetic and e p i g e n e t i c f a c t o r s i n t h i s p r o g r e s s i o n [ 1 -3 ] . Microenvironmental factors encompass all the physical interactions between cells, extracellular matrix and biochemical factors such as different types of nutrients [2] .
Cancer cells increase glycolytic activity despite the presence of oxygen supply in the microenvironment; this event is called aerobic glycolysis or Warburg effect [3] . An inevitable consequence of aerobic glycolysis is the production of lactic acid [3, 4] . Studies have shown that the extracellular pH of normal cells is in the range of 7.2 to 7.5, whereas the extracellular pH of cancer cells is in the range of 6.2 to 6.9 which is caused by aerobic glycolysis [3] [4] [5] [6] .
The evidence shows that cellular phenotype is regulated by the acidic microenvironment [7] . Acid lactic produced by aerobic glycolysis inhibits dendritic cell activation, tumoricidal activity of cytotoxic T lymphocytes and natural killer cells and suppresses lymphocyte proliferation [4, 8] . Acidic condition has been reported to promote the transcription of growth factors such as vascular endothelial growth factor (VEGF), hypoxia-inducible transcription factor (HIF-1) and Interleukin (IL)-8 through nuclear factor-κB (NF-κB) and AP-1 pathways [9] [10] [11] [12] [13] [14] [15] . Equally important, acidic pH leads to an increase in OCT4, cyclin D1 and TGFα factors which play important roles in the proliferation of cancer cells [10, 14, 16] .
It has been shown that cancer cells increase expression of proteases such as Cathepsin B, D, L and matrix Metalloproteinases 1, 2, 9 in the acidic microenvironment, in vitro and in vivo [6, 7, 14] . Acidity is shown to have a role in the resistance to chemotherapy drug absorption and weakly basic chemotherapeutic drugs such as doxorubicin [9, 17, 18] .
T-cell acute lymphoblastic leukemia (T-ALL) is characterized by an overproduction of T-cell progenitor called lymphoblasts or leukemic blasts and mainly occurs in children and adolescents. T-ALL is known by its clinical and biological characteristics and is generally associated with more unfavorable clinical features such as bone marrow infiltration, leukocytosis, mediastinal enlargement and central nervous system (CNS) damage. Although treatment outcome in patients with T-ALL has improved in recent years, the majority of patients still relapse during the long term follow-up [19] [20] [21] . In previous publications, researchers evaluated the effects of extracellular acidic pH on solid tumors, including breast, ovarian and prostate cancer, in vitro and in vivo. In this study, we investigated the effects of extracellular acidic pH on proliferation, invasion and drug dependent apoptosis in Jurkat cell line as a model cancer cell for the experimental study of T-ALL.
Material and Methods

Cell Culture
Jurkat T-Leukemic cell line was obtained from national cell bank (Pasteur Institute, Tehran, Iran) and was maintained RPMI-1640 culture medium supplemented with 10 % Fetal Bovine Serum (FBS), 2 mM L-glutamine and 1× pen/strep antibiotic (Gibco; Carlbod, CA). The pH of medium was adjusted to 6.6 by 90 % Lactic Acid (Merck) [4, 7, 8] .
Cell Proliferation Assay
The effect of acidic pH on Jurkat cells was assessed using MTT assay and direct cell counting. Initially, 10 4 Jurkat cells were cultured at pH 6.6 and 7.4 in 96 well plates for 12 days and MTT assay was performed using a cell growth determination kit (Sigma-Aldrich) in accordance to the manufacturer's protocol.
Invasion Assay
In vitro invasion assay was performed with the 24-well culture insert plates with 8.0 μm pores (SPL Life Science, Pocheon, South Korea) and the upper chamber was covered by 100 μl Extracellular Matrix (Sigma-Aldrich; ST, Louis, MO). Then, the cells were plated in the upper chamber in 100 μl RPMI-1640 medium supplemented with 1 % FBS (Gibco) in both acidic and normal pH individually. The lower chamber was filled with 650 μl RPMI-1640 medium supplemented with 20 % FBS (Gibco). The cells were incubated for 24 h and the invaded cells into the lower chamber were counted by a hemocytometer.
Annexin V/PI Staining
Annexin V FITC Apoptosis Detection Kit (SigmaAldrich) was used according to the manufacturer's guideline. The cells were treated with 0.3 μg/ml doxorubicin [22] (adriblastine® phamrmacia;Italia S.P.A) for 16 h. Then, the cells were washed with PBS and re-suspended in 1× binding buffer and then were incubated with 1 μl annexin V-FITC. Finally, the cells were incubated with 2 μl Propidium Iodide in 100 μl cell suspension with binding buffer for 10 min in darkness at room temperature. Afterwards, the cells were analyzed by Attune® Acoustic Focusing Cytometer (Applied Biosystems).
Quantitative RT-PCR
Total RNA was extracted from the cells at acidic and normal pH using TRIZOL (Life Technologies, USA) following the manufacturer's instruction. Reverse transcription was performed using M-MuLV Reverse Transcriptase Kit (Fermentas, USA). cDNA was subjected to Real-Time PCR (StepOnePlus Real-Time PCR System; Applied Biosystems) using a SYBR Green Master Mix Kit (Ampliqon; Odense, Denmark). BAX and matrix metalloproteinase-9 (MMP-9) primers were selected to assess the apoptosis and cell invasion, respectively and Glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was regarded as an endogenous control. Primers used for Real-Time-PCR analysis were presented in detail in Table 1 .
Cell Staining
Giemsa (Sigma, Munich, Germany) staining was performed to evaluate the morphology of cells treated with doxorubicin. The slides were prepared using the Cytospin™ 4 Cytocentrifuge (ThermoFisher, USA ) with 2000 for 15 min.
Statistical Analysis
All tests were carried out in triplicate. Statistical analysis was performed using an unpaired student test while comparing two groups and conducting one-way ANOVA with Bonferroni's 
Results
The Rate of Proliferation in Jurkat Cell Line at Acidic pH Was More than Normal pH
To determine the effect of acidic pH on proliferation of Jurkat cell, we used two methods: direct cell counting and MTT assay. The results demonstrated that the proliferation of Jurkat cell line has been increased at pH of 6.6 as compared to 7.4 specifically in the days of 10th and 12th (p < 0.05) (Fig. 1) .
Leukemic Cells at Acidic pH Medium Was more Invasive than Normal Medium
After 12 days of the Jurkat cell culture at normal and acidic pH, the cells were prepared for invasion assay. The results of invasion assay showed that invasion potential of Jurkat cells at pH 6.6 (25.1 %) was more than (4.3 folds) pH 7.4 (5.8 %).
Since, it has been demonstrated that the presence of matrix metalloproteinases in tumor tissues was correlated with invasion properties of cancer cells, MMP9 gene expression was analyzed by real time PCR. At pH 6.6, Jurkat cells showed an increase in gene expression of MMP9 in compared to the cells which were cultured at pH 7.4 on the 6th and 12th day of culture (P < 0.05) (Fig. 2) . These results showed that Jurkat cells at pH 6.6 was more invasive than Jurkat cells were cultured at pH 7.4 (P < 0.05).
Jurkat Cell Line at pH 6.6 Was more Resistant to Apoptosis than pH 7.4
To evaluate the resistance of Jurkat cells cultured at pH 6.6 and 7.4 against doxorubicin, Annexin-PI staining was performed. The results showed that the level of apoptosis in Jurkat cells cultured at acidic and normal pH were 5.87 % and 17.94 %, respectively (Fig. 3a and Fig. 4) .
To confirm the Annexin-PI staining results, gene expression levels of BAX (anti-apoptotic protein) were also analyzed by real time PCR. Quantitative gene expression analysis of BAX showed increased expression of BAX in cells were cultured at normal pH (3.1 fold) (P < 0.05) in comparison to cells were cultured at acidic pH (Fig. 3b) . Moreover, the percentage of necrotic cells in the acidic and normal medium was 8.71 % and 4.73 %, respectively (Fig. 5) .
The morphological studies were assessed by Giemsa staining. The number of Jurkat cells which had some features of apoptotic cell (chromatin condensation, nuclear fragmentation, cell membrane blebbing and cell shrinkage) at normal pH was more than cells were cultured at acidic pH (Fig. 6 ).
Discussion
Genetic mutations and epigenetic alterations play crucial roles in cancers, but cell proliferation requires nutrients, energy, and biosynthetic activity to duplicate all the macromolecular components during each passage through the cell cycle [23] [24] [25] . It is not surprising that the cancerous cells alter its metabolism pathway from oxidative phosphorylation (oxphos) to aerobic glycolysis to meet their needs [3, 4, 7, 26] . The final product of aerobic glycolysis is lactic acid which leads to extracellular acidity. Decreasing tumor pH and hypoxia [8, 12, 27] are correlated with poor prognosis [9, 28] .
In this study, we evaluated some properties of cancer cells. Invasion potential was evaluated by invasion assay, in vitro. The results showed that the invasion level of Jurkat cells at pH 6.6 (acidic pH) was more than that at pH 7.4. Also, MMP9 gene expression was correlated with invasion assays results. Previous studies demonstrated that the expression of genes involved in metastasis such as MMP-9 and cathapsin B increases at the acidic condition in the tumor tissue [6, 7, 26, [29] [30] [31] [32] . Cathepsin L also amplifies the proteinase cascade through the activation of urokinase-type plasminogen activator (uPA) which is critical for metastatic cascade in tumor cells [26] . MMP-9 plays a vital role in promoting tumor invasion and tissue remodeling, and participates in the release of cell surface precursorform of many growth factors by proteolysis of several ECM components [2, [29] [30] [31] . Glunde et al. (2003) reported filopodia formation which was observed more frequently in highly metastatic breast cancer cells maintained in acidic pH [32] . Raymond et al. (2008) reported that the acidosis promotes more invasive phenotypes of melanoma cells in vitro and in vivo [29] . Cell counting and MTT assay were performed to examine the proliferation and viability of Jurkat cells. The results indicated that cells which were cultured at pH 6.6 had more proliferation potential than that at pH 7.4. In many studies, it was reported that hypoxia caused by acidic extracellular increases the expression of HIF-α, C-myc, OCT4, Cyclin D1 and TGF α genes that play essential roles in the proliferation of cancer cells [9, 11, 15, 16, 33] . These studies have reported that acidic conditions in the tumor microenvironment promote autophagy which occurs as a survival adaptation in these conditions [34, 35] . Hashim et al.(2011) showed that non-volatile basic buffer inhibit proliferation and invasion of cancer cells in a mouse cancer model [36] .
Metabolic reprogramming of cancer cells tolerates stress and induces drug resistance [37, 38] . Hexokinase II (HK II) is a key glycolytic enzyme that is transcriptionally enhanced in many cancer types [27] . HK II can bind to mitochondria and interact with the mitochondrial permeability transition pore VoltageDependent Anion Channel (VDAC) to serve as a cell survival molecule by preventing BAX/BAK oligomerization on the mitochondrial membrane and thus suppressing the apoptosis while preserving the mitochondrial integrity [27, 39, 40] .Therefore, we evaluated the quantitative gene expression of BAX as an anti-apoptotic protein. According to apoptosis results; the gene expression of BAX in the cells were cultured in normal medium was more than the cells which were cultured at acidic medium. Annexin V-PI staining showed that the cells which were cultured in acidic medium were more resistant to doxorubicin compared to normal medium. Raghunand et al. (1999) reported that the extracellular pH of human breast tumor is acidic, which reduces the cytotoxicity of doxorubicin [17] . Thews et al. (2006) showed that acidic extracellular microenvironment can induce activity of p-glycoprotein which leads to reduce the concentration and cytotoxicity of chemotherapeutic drug by pumping entered drug to outside [41] . Lan et al. (2007) demonstrated microenvironmental pH can control the type of cell death. They mentioned normal pH kept an intracellular ATP level sufficient to let apoptotic mechanisms, while the acidic pH induced ATP depletion that directly causes necrosis [42] . In this regard, we also showed that the percentage of necrotic cells at pH 6.6 was more than that at pH 7.4. Necrosis is associated with breakdown of cancer tissues with the release of nucleic acid and other intra-cellular components which result in life threatening complications such as renal failure, arrhythmias, and seizures [43, 44] .
To conclude, acidic pH as a result of aerobic glycolysis leads to the increased proliferation, invasion, necrosis and reduced drug-induced apoptosis in Jurkat cell line. Thus, it has been suggested that the leukemia progression should be limited by controlling the level of pH in the microenvironment of cancer cells. 
